Abstract: Five postlingually deafened users of the LAURA cochlear implant were presented with trains of biphasic pulses on two widely separated channels. They could all discriminate between stimuli where pulses on the two channels were nearly synchronous and those where there was a delay applied to one channel. All showed an asymmetry, being more sensitive to delays on either the more basal or the more apical channel. This sensitivity snrvived the presentation of maskers on intcmtediate channels.
INTRODUCTION
This article concerns the ability of cochlear implantees to detect fine time differences between pulse trains applied to different regions of the cochlea. Normally hearing listeners can perform the acoustic analog of this task by detecting temporal asynchronies between the abrupt "pitch pulses" occurring in pairs of harmonic complexes that have been filtered into separate frequency regions (1) . In the acoustic case, tire maximum detectable asynchrony is of the order of 1-2 ms, and may be limited by the ringing of the basilar membrane (1) . This limitation does not apply to electrical stimulation, for which, in principle, one might therefore obtain better sensitivity than in acoustic hearing. Such a finding would help explain the limited sensitivity of acoustic hearing to across-frequency timing differences, and show that it is possible to modify the perception of electrical stimuli by the use of fine timing differences between channels.
EXPERIMENT
Subjects were five postlingually deafened adults vvho had been using the LAURA co&ear implant for between one and three years. The implant contains eight pairs of ball electrodes, with each pair constituting a channel. On each half of a 2IFC trial the stimulus consisted of two trains of 4Opsec/phase biphasic impulses presented concurrently on two different channels. The pulse train on each channel had a duration of 400 ms, was gated on and off with 50-ms linear ramps, and was presentcd at a rate of 100 pps. For the signals the pulses in one of the channels was delayed by 0.1, 0.3, 0.5, 1 .O, or 2.0 ms relative to those in the other channel. Psychometric functions (100 trials/point) were measured separately for signal delays on the more basal and on the more apical channel. The task was to discriminate between the signal and a reference stimulus in which the pulses in the two channels were nearly synchronous; technical reasons precluded truly synchronous presentation and so the reference contained a delay of 0.1 ms on the channel opposite to that receiving the delay in the signal interval. Note that this meant that the srtme two stimuli were used on trials where the signal had a 0.1 ms basal delay (in which case the reference had a 0.1 ms apical delay) as on trials where the signal had a 0.1 ms apical delay (reference = 0.1 ms basal delay). As no feedback was given we would expect a score of > 50% on one of these conditions to produce a score < 50"/0 on the other.
The currents used for the two channels were chosen following an adjustment procedure so that the two pulse trains, when presented alone, would be equally loud. This loudness was judged to correspond to the middle, "normal", rating on a five-point scale. The currents ranged from 5.50 to 1050 PA across subjects and channels In order to reduce the likelihood that the two channels were stimulating a common neural population, they were chosen to be as spatially separated as possible. These separations, measured along the length of the electrode array, ranged from 6.15 mm for subject DD to 10.25 mm for subject JV. X-rays obtained for subjects SV and AE showed that the two channels were separated by approximately one half-turn of the cochlea. As a further control we ran a subset of conditions in the presence of a IOOO-pps masking train, which started 400 ms before and ended 400 ms after each trial. The masker was presented on either a single channel intermediate to the hvo "target" channels, or to two channels consisting of the intermediate channel plus the most basal channel in the array. Feedback was provided in these masking conditions The data obtained in the absence of a masker are shown by the open symbols in Fig. 1 . Despite the existence of some marked inter-listener differences, there are a number of salient points. First, listeners JV, AE, DD, and AP could all distinguish between a signal having a 0.1 ms delay on the basal channel and a reference having a 0.1 ms apical delay. The first three of these listeners (top row) identified the basally-delayed stimulus as the "signal", and were also better at detecting longer delays on the basal than on the apical channel. The converse was true for listener AP. The asymmetry in performance is at least partly due to the different reference stimuli used for the basally and apically delayed signals. This conclusion is based on an extra test in which listeners AE and AP had to discriminate between a signal with 2-ms basal or apical delay and a reference stimulus with a 0.1 ms delay in the same direction as in the signal (data not shown). This caused the asymmetry to reverse, so that AE was now better at detecting the apical delay and AP better at detecting the basal delay. However, this explanation cannot account for the data of listener SV, who, although better at detecting basal compared to apical delays, could not discriminate between a signal with a 0.1 ms basal delay and a reference with a 0.1 ms apical delay, or vice versa.
The effects of adding a single masker on the detection of 1 ms apical and basal delays are shown by the filled symbols in Fig. 1 . It can be seen that the masker did not have a substantial effect on either overall performance or on the difference between basal and apical delays. This indicates that within-channel interactions were minimal, and, combined with the large spatial separation between the target channels, provides evidence that listeners were comparing the outputs of discrete neural populations. This conclusion is underlined by the finding that even adding a dual masker did not eliminate sensitivity to a long apical (listener AP) or basal (JV, DD,SV) delay.
DTSCUSSION
McKay and McDermott (2) reported that listeners could not discriminate between the order of stimulation on hvo channels of the Nucleus implant for channel separations greater than 3-4 mm -smaller than the smallest separation used here. Possible reasons for the difference between their results and ours include our use of reference stimuli with nearly-synchronous pulses on the hvo channels, and their randomization of current level from trial to trial Although we believe that the present results demonstrate a genuine sensitivity to across-channel timing differences, we are unable to identify the neural basis for this phenomenon; auditory-nerve responses to electrical pulses on single channels show latencies with standard deviations as low as 8 pet (3), but we know of no measurements of the response of higher (e.g. cochlear nucleus) centers to simultaneous stimulation on different channels. An understanding of the response of the peripheral auditory system to near-simultaneous across-channel stimulation seems particularly desirable, given the high processing speed of contemporary multi-channel prostheses.
